What is Epigenetics?
====================

Epigenetics is the study of heritable, reversible forms of gene regulation that are not dependent on the DNA sequence. This regulation includes DNA methylation and histone methylation, acetylation, ubiquitination, and phosphorylation. Recent studies have shown that epigenetics plays a central role in many types of diseases, including cardiovascular diseases, neurological diseases, metabolic disorders, and cancer.[@b1-geg-6-2014-009] Because of the reversible nature of epigenetic events, researchers postulate that inhibition of epigenetic changes could be of valuable therapeutic potential. In fact, in some neurological diseases and cancers, epigenetic drugs are already in use.[@b2-geg-6-2014-009],[@b3-geg-6-2014-009] This review will discuss some of the important diseases that involve epigenetic changes and the drugs that are being developed to treat them.

In What Types of Cellular Events are Epigenetics Involved?
==========================================================

DNA methylation
---------------

Epigenetic events are involved throughout the entire human lifecycle, from embryogenesis to adulthood. Germ cells begin with a level of DNA methylation, inherited from their respective parents. Upon fertilization, a massive methylation overhaul occurs, in which most methylation is lost. As the zygote divides and development progresses, the embryo undergoes de novo methylation, reestablishing its original level of DNA methylation.[@b4-geg-6-2014-009] Considering that all organisms begin as a single egg and that all cells in the final complicated organism contain the same genes, epigenetics must play an essential role.

DNA methylation exists primarily within the context of the cytosine--phosphate--guanine (CpG) dinucleotide.[@b5-geg-6-2014-009] All changes in methylation are modulated by specific enzymes. DNA methyltransferase (DNMT) 3a, DNMT3b, and DNMT1 are three catalytically active enzymes required for formation and maintenance of DNA methylation patterns.[@b6-geg-6-2014-009] DNMT1 acts as a maintenance methyltransferase, adding methyl groups to the unmethylated daughter strands of newly replicated DNA ([Fig. 1](#f1-geg-6-2014-009){ref-type="fig"}). When CpG residues are methylated by DNMT1, methyl-binding domain protein (MBDP) and histone deacetylases (HDACs) are recruited, inhibiting transcription and silencing the gene. Deletion of DNMT1 results in global demethylation and embryonic lethality. DNMT3a and DNMT3b are responsible for de novo methylation after implantation and are highly expressed in developing embryos. DNMT3a and DNMT3b establish DNA methylation during embryonic stages and add new methyl groups to previously unmethylated DNA ([Fig. 2](#f2-geg-6-2014-009){ref-type="fig"}).[@b7-geg-6-2014-009]

Chromatin packaging (histones)
------------------------------

In addition to methylation at CpG islands in DNA, other forms of expression-altering chemical modification exist at histones. Genomic DNA is packaged around histones to form a complex called chromatin. A unit of chromatin, known as a nucleosome, is composed of 146 base pairs of DNA wrapped around an octamer of four core histones (H2A, H2B, H3, and H4). With amino-terminal tails extending from the globular region of the histones, they become accessible to modifications, such as acetylation, methylation, phosphorylation, and ubiquitination.[@b8-geg-6-2014-009] Histone modification can subsequently affect DNA processes, such as transcription, DNA repair and replication, and chromosomal organization. Acetylation and methylation of lysines and arginines at the histone tails are commonly analyzed; however, in contrast to DNA methylation, histone modification can be either activating or inhibiting. For example, H3K4 methylation activates gene expression, whereas H3K9 methylation, H3K27 trimethylation, and H3K20 trimethylation silence gene expression.[@b9-geg-6-2014-009],[@b10-geg-6-2014-009]

Histone methylation is involved in several biological processes, including DNA repair, cell cycle, stress responses, development, differentiation, and aging. Any change in histone methylation can alter any one of these biological functions, resulting in the development of disease. For example, in many types of cancers including prostate, lung, kidney, breast, and pancreatic cancer, H3K4me2 is downregulated, which is often associated with high recurrence or poor survival rates. H3K27me3 is downregulated in gastric adenocarcinoma and ovarian cancer, and H4K20me3 downregulation is associated with lymphomas and colon cancer.[@b11-geg-6-2014-009] Histone methylation changes are also associated with aging. For example, H4K20me3 levels increase with age in rat livers; however, H3K27me3 levels decrease in somatic tissues in aging *Caenorhabditis elegans*.[@b12-geg-6-2014-009],[@b13-geg-6-2014-009] These examples demonstrate a scenario where small molecule inhibitors of histone methylases could be used to demethylate the specific sites mentioned to develop anticancer and antiaging drugs.

Another important histone modification is the acetylation of lysine residues at the N-terminal region of histones (mainly H3), which regulates whether chromatin is in the open or closed formation ([Fig. 3](#f3-geg-6-2014-009){ref-type="fig"}). Acetylated lysines provide an open chromatin conformation, whereas deacetylated lysines provide a closed chromatin conformation and inhibit transcription.[@b14-geg-6-2014-009] The acetylation and deacetylation of histones are strictly regulated by enzymes called histone acetyl transferases (HATs) and histone deacetylases (HDACs). There are many forms of HATs and HDACs, which have a vast literature, but are out of the scope of this review.[@b15-geg-6-2014-009] HATs such as HAT p300, CREB-binding protein (CBP), P300/CBP-associated factor (PCAF), and general control of amino acid synthesis protein 5 (GCN5) play a potential pathological role in asthma, chronic obstructive pulmonary disorder (COPD), and different types of cancers as well as learning and memory deficits.[@b16-geg-6-2014-009]--[@b18-geg-6-2014-009] It is thought that HAT p300 and CBP regulate expression of tumor suppressor and promoter genes, and PCAF and GCNF perform global acetylations and nonhistone acetylations. GCNF is also crucial in cell-cycle progression, which is significant in cancer therapies.[@b19-geg-6-2014-009],[@b20-geg-6-2014-009] HATs p300 and PCAF often induce increased gene transcription in airway inflammation disorders such as asthma and COPD, leading to excessive expression of inflammatory genes. Initial studies in mice have shown that learning and memory impairments are a result of deficits in HATs, such as PCAF and CBP.[@b21-geg-6-2014-009]

HDACs
-----

To achieve proper development and function, it is essential not only to acetylate and open certain regions of chromatin, but also to deacetylate and close other regions of the genome. HDACs are involved in the regulation of integrated cellular functions in the nucleus and cytoplasm. The general mechanism of these enzymes is to deacetylate specific lysine residues of histones and other proteins inducing formation of transcriptionally inactive heterochromatin. These modifications of HDACs and HATs are both reversible reactions and play a significant role in the regulation of transcription ([Fig. 3](#f3-geg-6-2014-009){ref-type="fig"}).[@b15-geg-6-2014-009]

There are four general classes of HDACs: I, II, III, and IV. Classes I and II are involved in cellular growth and development, Class III HDACs are mainly involved in metabolic processes, and[@b22-geg-6-2014-009] Class IV is comparatively new in the literature and is less studied. Class I HDACs remove acetyl groups from specific lysine residues on histones in the nucleosome, the genetic material coiled around histone subunits. Nucleosome modification affects how tightly DNA is wound around the histone structure, thus HDAC-mediated modifications can lead to induction of gene silencing.[@b23-geg-6-2014-009] Class I HDACs are implicated in regulation by a process involving the methylation of CpG residues in upstream promoter regions of silenced genes. When these CpG residues are methylated, methyl domain-binding proteins (MDBP) actively recruit HDACs (mainly HDAC I, II, and III) to the histone, further inhibiting gene transcription ([Fig. 2](#f2-geg-6-2014-009){ref-type="fig"}).[@b24-geg-6-2014-009],[@b25-geg-6-2014-009] Class II HDACs are able to shuttle back and forth between the nucleus and cytoplasm and are able to remove acetyl groups from proteins other than histones.[@b26-geg-6-2014-009] For Class III HDAC (also known as sirtuins) mechanisms to proceed, nicotinamide adenine dinucleotide (NAD^+^) is required as an essential cofactor to remove the acetyl groups. Additionally, several sirtuins are known to regulate ATP production while others are known to protect against tumorigenesis during oxidative stress. Because of the wide range of target genes for HDACs, a variety of HDAC inhibitors (HDACi) are being developed, with hopes of treating a number of diseases including cancer, neurodegenerative disorders, cardiovascular diseases, and obesity.[@b27-geg-6-2014-009],[@b28-geg-6-2014-009]

What Types of Diseases Involve Epigenetic Changes?
==================================================

Cardiovascular diseases
-----------------------

The association of epigenetic changes with cardiovascular diseases is an emerging area of research. Although the studies are not expatiated on, there are many examples that demonstrate that histone and CpG residue modifications regulate important cardiovascular functions. Although the processes are not readily understood mechanistically, many studies have shown that alteration can lead to the development of atherosclerosis and cardiovascular disease.[@b29-geg-6-2014-009],[@b30-geg-6-2014-009] In particular, atheroprotective estrogen receptor genes ESR1 and ESR2 are often hypermethylated in human atherosclerosis.[@b31-geg-6-2014-009] These genes are usually expressed in normal vascular smooth muscle cells; however, the expression levels decrease with age, resulting in vascular damage. Folic acid deficiency also portrays an epigenetic link to endothelial dysfunction, which is related to several cardiovascular diseases.[@b32-geg-6-2014-009],[@b33-geg-6-2014-009] Associations of elevated serum homocysteine levels and decreased nitric oxide production may be the cause of angiogenesis suppression.[@b34-geg-6-2014-009] The most well-known endothelial gene regulated by the histone code is nitric oxide synthase 3 (NOS3), which codes for the endothelial nitric oxide synthase (eNOS) protein that catalyzes the formation of nitric oxide (NO), a vasodilator factor.[@b35-geg-6-2014-009] In endothelial cells, eNOS is enriched; however, when exposed to short-term hypoxia, eNOS expression drastically decreases. Activating histone modifications, such as H3K9, H4K12, and H3K4, are observed in the NOS3 promoter region in endothelial cells, whereas these modifications are absent in vascular smooth muscle cells. In vascular cells, the promoter region is hypermethylated with methyl-binding proteins, rendering transcription inactive.[@b36-geg-6-2014-009],[@b37-geg-6-2014-009] Another example is cytosine methylation in the insulin-like growth factor 2 (IGF2) gene, which causes dysregulation of imprinting and is associated with a higher risk of coronary heart disease.[@b38-geg-6-2014-009]

A recent discovery links heritable coronary artery disease to the chromosome 9p21 locus.[@b39-geg-6-2014-009],[@b40-geg-6-2014-009] This locus does not transcribe any proteins but contains a lncRNA is called antisense noncoding RNA in the INK4 locus (ANRIL), which is known to regulate epigenetic function.[@b41-geg-6-2014-009] Increased levels of ANRIL are associated with atherosclerotic plaque. Another study shows dysregulation of DNA methylation during embryogenesis, which may lead to congenital heart disease and increased risk of cardiovascular disease in adulthood.[@b42-geg-6-2014-009],[@b43-geg-6-2014-009] Hypomethylation of some genes has also been implicated in cardiovascular diseases. For example, global loss of genomic methylation content has been found in patients with hypertension.[@b44-geg-6-2014-009] Ischemic heart disease and stroke are associated with reduced blood DNA methylation of Long Interspersed Nucleotide Element 1 (LINE-1). Additionally, hypomethylation of IGF2 and insulin/insulin-like growth factor 2 (INSIGF) genes, which are normally critical to metabolism of glucose and lipids, have been shown to increase risk of cardiovascular disease.[@b45-geg-6-2014-009]

Neurological disorders
----------------------

Considering the vast potential of epigenetic modifications, it is not surprising that epigenetics plays a key role in development of the nervous system. In order to retain a multipotent state, many developmental and differentiation genes in neuronal precursor cells are silenced by CpG methylation. During neuronal differentiation, CpG methylation is lost and H3K4 dimethylation (H3K4me2) is gained.[@b46-geg-6-2014-009],[@b47-geg-6-2014-009] Regulation of methyl CpG-binding proteins is thus very important. Mutations, duplications, and insertions of the methyl CpG-binding protein 2 (MeCP2) gene are known to cause Rett syndrome, an X-linked neurological disorder that eventually causes severe mental retardation.[@b48-geg-6-2014-009] Once MeCP2 binds to DNA at CpG islands, it interacts with other proteins, including HDACs, facilitating chromosome condensation and gene silencing. Interestingly, a recent study showed that neurological defects could be partially or completely reversed in mice with Rett syndrome, suggesting that early damage caused by dysregulation of MeCP2 is not necessarily permanent.[@b49-geg-6-2014-009] Because females with Rett syndrome have one wild-type copy of the MeCP2 gene, possible epigenetic therapies could target the inactivated and methylation-silenced wild-type X-chromosomes.

The importance of epigenetic modifications in the nervous system continues throughout the lifespan, with many epigenetic changes associated with aging, long-term synaptic plasticity, and memory retention.[@b50-geg-6-2014-009],[@b51-geg-6-2014-009] Studies have shown that several neuronal genes display a gradual but continuous increase in CpG methylation from birth to old age.[@b52-geg-6-2014-009],[@b53-geg-6-2014-009] Several neurodegenerative disorders have been associated with dysregulation of these epigenetic changes. Parkinson's disease, characterized by a decline in coordination and motor skills caused by neuronal death, is a late-onset progressive neurodegenerative disease. Recent studies have shown that the sequestration of the alpha-synuclein protein into Lewy bodies, a key feature of the disease, also involves the sequestration of DNMT1 into the cytoplasm. The decrease in nuclear DNMT1 leads to global neuronal hypomethylation.[@b54-geg-6-2014-009],[@b55-geg-6-2014-009] Huntington's disease is another late-onset progressive neurodegenerative disorder. The disease is caused by an expanded polyglutamine repeat sequence in the huntingtin protein.[@b56-geg-6-2014-009] The mutant huntingtin protein, unlike wild-type huntingtin, is able to enter the nucleus, where it binds and inhibits HATs, leading to a decrease in H3 and H4 histone acetylation, and thus to a global silencing of neuronal genes.[@b57-geg-6-2014-009],[@b58-geg-6-2014-009] Drugs able to correct the epigenetic imbalances in these disorders could be a very promising treatment for such diseases in the future.

Metabolic disorders
-------------------

The epigenome is also subject to changes caused by environmental factors. For example, although monozygotic twins are born with nearly indistinguishable epigenetic patterns, as they age, the epigenomes diverge, explaining why one twin may be more susceptible to certain diseases than the other despite having identical DNA sequences.[@b59-geg-6-2014-009] A recent study found that mice fed a diet deficient in folic acid, L-methionine, and choline exhibited deregulation of hepatic DNMT1 and methyl CpG-binding proteins.[@b60-geg-6-2014-009] The changes were reversible if returned to a normal diet; however, prolonged changes in DNMT1 and methyl CpG-binding protein expression led to the development of hepatic carcinoma. Because even temporary changes in diet can lead to widespread epigenetic changes, the role of epigenetics in metabolic disorders is of great importance and could serve as an invaluable tool in the treatment and prevention of metabolically linked disorders.

Although not a direct cause, several epigenetic mechanisms have been implicated in the development of type II diabetes and obesity, with differential expression of certain genes leading to differential risks of disease.[@b61-geg-6-2014-009] This differential expression can begin in utero, with maternal nutrition status having a large impact on the epigenetic status of the fetus. For example, one study linked in utero growth retardation to a progressive silencing (by methylation) of pancreatic islet factor 1 (Pdx1) in adulthood.[@b62-geg-6-2014-009] Another study found that transient hyperglycemia led to the recruitment of the histone methyltransferase, Set7, and induced long-lasting changes in the histone methylation pattern of NFkB-65, a pro-inflammatory gene often associated with diabetic complications.[@b63-geg-6-2014-009] Because epigenetic changes occur at many genes and stages of diabetes, there are many opportunities to utilize epigenetic therapy in the treatment of the disease.

Like diabetes, epigenetic changes that increase susceptibility to obesity can begin in utero. One study showed that there was a direct correlation between methylation status of the eNOS, RXRa, and SOD1 genes at birth with the level of adiposity at the age of 9 years.[@b64-geg-6-2014-009] Another study implicated the H3K9 histone demethylase, Jhdm2a; a Jhdm2a knockout caused obesity and widespread downregulation of metabolically active genes in mouse models.[@b65-geg-6-2014-009] Leptin, an adipose-derived hormone that regulates hunger and metabolism, is also subject to epigenetic control. Although the leptin promoter is heavily methylated at CpG islands in preadiposcytes, it becomes demethylated when maturing into a mature adipocyte cell. Interestingly, the leptin gene shows higher CpG methylation levels in mice with diet-induced obesity than in normal mice.[@b66-geg-6-2014-009] There is clearly potential for epigenetic treatment of obesity, and this should be investigated further.

Cancer
------

Cancer is defined as an uncontrolled growth of cells with metastatic potential. It is caused by several mechanisms involving a combination of genetic and environmental sources. This has been well summarized by Hanahan and Weinberg who identified six potential ways in which cancer is produced, and deemed them the hallmarks of cancer.[@b67-geg-6-2014-009] The way in which cancer progresses from a cancer stem/progenitor cell to various metastatic stages, however, is still poorly understood. Vogelstein and Kinzler postulated a stepwise progression of lung cancer.[@b68-geg-6-2014-009] Recently, Sarkar et al postulated that epigenetic changes could influence cancer progenitor cell formation, cancer progression, and formation of stage-specific metastatic cancer.[@b69-geg-6-2014-009] Epigenetic changes involve both histone modifications and DNA methylation at specific CpG residues. During carcinogenesis, many oncogenes, such as ras and src, become activated by mutations.[@b70-geg-6-2014-009]--[@b73-geg-6-2014-009] Conversely, many tumor suppressor genes, which include both cell-cycle inhibitors and pro-apoptotic genes, are silenced by methylation of CpG islands in their promoter sites. In many cancers, there are several examples of silenced tumor suppressor genes, such as p21, p16, p27, differentiation marker RARβ2, and imprinted pro-apoptotic gene ARHI (in breast and ovarian cancer).[@b74-geg-6-2014-009] The methylation of the upstream regions is caused by the upregulation of DNMT1 in cancer cells. The expression level of DNMT1 is observed to be high in almost all cancer cells compared with the normal tissue. DNMT1 expression alters with the cell-cycle progression of a normal cell, although it is always upregulated in cancer cells and maintains a higher methylation level. Once the DNA is methylated, methyl CpG-binding proteins and HDACs are recruited, preventing RNA polII-mediated transcription and inducing the closed chromatin state ([Fig. 2](#f2-geg-6-2014-009){ref-type="fig"}). Unlike the genetic mutations that are also associated with cancer, the epigenetic changes that occur during this disease are, by nature, reversible and are thus a good target for epigenetic therapy. Sarkar et al proposed that targeting silenced tumor suppressor genes with epigenetic drugs could be an effective method to treat cancer. The group hypothesizes that re-expression of tumor suppressor genes weakens the cancer cells' ability to withstand cytotoxic treatment, allowing for what would normally be a suboptimal dose of a cytotoxic drug to become an effective cancer killer.[@b69-geg-6-2014-009],[@b73-geg-6-2014-009],[@b75-geg-6-2014-009]

What are Epigenetic Drugs and What are their Uses?
==================================================

Methylation inhibiting drugs
----------------------------

Nucleoside-like compounds are the oldest form of methylation inhibitors, and several of these compounds have been FDA approved for the treatment of certain cancers. 5-Azacytidine (Aza; market name Vidaza) has been known to have cytotoxic effects on cancer cells since 1968; however, its mechanism of action was discovered more recently.[@b76-geg-6-2014-009] The drug is a cytidine analog, with a nitrogen atom in the place of Carbon 5. Once observed into the cell, it is phosphorylated and then incorporated into DNA during replication. The analog is recognized by DNMT1, and the normal reaction involving the transfer of a methyl group begins to take place. The nitrogen group in the fifth position, however, causes the formation of an irreversible DNMT1--aza linkage, which triggers the degradation of the enzyme and leads to widespread reductions in methylation.[@b77-geg-6-2014-009],[@b78-geg-6-2014-009] Because aza integrates into DNA during replication, rapidly dividing cancer cells are more susceptible to its effects. Although the drug has been FDA approved, there is still potential for improvement, as it is relatively unstable, can have toxic side effects, and is not available to be taken orally.

Zebularine is another cytidine analog that has a mechanism similar to aza, integrating into DNA and forming a covalent bond with DNMT1. Although the drug is not yet FDA approved, this isoform has had good results in mouse models. One study showed that Zebularine can inhibit DNA methylation and induce re-expression of methylation-silenced genes, even when given orally. This was the first drug of its kind to have successful inhibition of methylation without intravenous administration. Because Zebularine is more stable than aza and can be taken orally, it could be an effective anticancer drug in the future.[@b79-geg-6-2014-009]

Antisense oligonucleotides are also used to inhibit methylation. MG98 is a 20-base pair antisense oligonucleotide that binds the 3′ untranslated region of DNMT1, preventing transcription of the gene.[@b80-geg-6-2014-009] Studies in mouse models of bladder and colon cancer showed that administration of MG98 led to re-expression of the tumor suppressor gene, p16. Clinical trials utilizing the drug have shown mixed results, but MG98 appears to have been successful in the treatment of advanced renal cell carcinoma. The most promising results came from a study in which MG98 was given in combination with Roferon-A, a known chemotherapeutic drug. Decreased levels of DNMT1 were observed and tumor progression was slowed, with minimal toxicity from MG98.[@b81-geg-6-2014-009],[@b82-geg-6-2014-009] Additional clinical trials examining the most effective dosages and dosing schedules for MG98 are currently in progress.

RG108 is a relatively new small molecule DNA methylation inhibitor that is currently being investigated. This drug does not intercalate into target DNA or bind to DNMT1 gene, but rather binds to and directly inhibits the DNMT1 enzyme active site. The in vitro use of RG108 in human cancer cell lines showed significant demethylation and re-expression of the p16 tumor suppressor gene and led to slowed cancer cell growth. Because the RG108 mechanism of action does not involve enzyme trapping, similar to nucleoside analogs, the toxicity of the drug is reduced. In addition, RG108 did not affect the methylation status of centromeric satellite repeats, an unexpected but advantageous trait that is likely to increase stability of hypomethylated chromatin.[@b83-geg-6-2014-009] Because of RG108's high specificity and low toxicity, this drug shows promise as an effective anticancer drug in the future.

Bromodomain and inhibitors
--------------------------

Bromodomains are conserved structural motifs associated with chromatin modifying proteins, such as HATs.[@b84-geg-6-2014-009] Bromodomains, of which there are 61 different types, are considered epigenetic reader domains and are the only protein structure known to recognize acetylated lysine residues. This recognition is often a prerequisite for chromatin modification.[@b85-geg-6-2014-009] Bromodomain and extra- terminal (BET) proteins are also known to mediate transcriptional elongation of acetylated chromatin, binding to the acetyl groups and interacting with RNAPII. Many studies have investigated the clinical importance of BRD4, a specific BET protein known to play an important role in mitosis.[@b86-geg-6-2014-009],[@b87-geg-6-2014-009] NUT-midline carcinoma is characterized by a BRD4 fusion protein that leads to global hypoacetylation and transcriptional repression.[@b88-geg-6-2014-009] The same protein has been found to be overexpressed and associated with disease progression in plasma cell leukemia.[@b89-geg-6-2014-009] Another study identified BRD4 as a regulator of human papillomavirus oncogene expression.[@b90-geg-6-2014-009]

Because of BET proteins' unique function and specificity, they are a promising target for therapeutic interventions. Bromodomain inhibitors have been shown to be effective in the downregulation of c-Myc, a gene often implicated in cancer, by disruption of the interaction between BET proteins and acetylated histones. One study examined the effect of JQ1, a selective bromodomain inhibitor in mouse models of multiple myeloma, a myc-dependent cancer. JQ1 competitively binds acetylated lysine residues, displacing BET proteins from the histone, leading to widespread downregulation of c-Myc and its target proteins.[@b91-geg-6-2014-009],[@b92-geg-6-2014-009] Inhibitor of BET726 (I-BET726) is a selective small molecule inhibitor of BET proteins that binds to the acetyl-lysine recognition pocket of BET family proteins. It binds with high affinity to BRD2, BRD3, and BRD4 and competes with tetra-acetylated histone H4 peptides (K5ac, K8ac, K12ac, and K16ac) for binding to the bromodomains of these proteins. I-BET726 is therefore highly selective for BET family proteins. I-BET726 also directly regulates expression of BCL2, an antiapoptotic gene that is highly expressed in a number to tumor types. For example, I-BET726 has been found to inhibit neuroblastoma tumor growth.[@b93-geg-6-2014-009]

HAT inhibitors
--------------

Histone acetylase (HAT) inhibitor compounds have been identified to inhibit the catalytic activity of HATs in many cancers and diseases. Although they are not very selective and bind multiple classes of proteins, HAT inhibitors seem promising for treatment of various diseases. Bisubstrate inhibitors were the first discovered to selectively inhibit HATs p300 and PCAF and re-express tumor suppressor genes in cancers.[@b94-geg-6-2014-009],[@b95-geg-6-2014-009] Naturally occurring HAT inhibitors, such as curcumin, inhibit histone H3 and histone H4 acetylation by p300 and CBP.[@b96-geg-6-2014-009] This results in inhibition of cell proliferation and induction of apoptosis as reported in tumor cells, and more recently studied in prevention of heart failure in rats.[@b97-geg-6-2014-009],[@b98-geg-6-2014-009] Garcinol and anacardiac acid also inhibit acetylation by p300 and PCAF, as well as induce apoptosis and downregulate global gene expression. These two natural compounds however exhibit relatively low potency, which limits the authenticity of their activity.[@b99-geg-6-2014-009],[@b100-geg-6-2014-009] Other inhibitors of HATs have been explored, such as isothiazolones that inhibit PCAF and p300. The inhibition is due to the structural differences in the isothiazolone family at the enzyme active site, where they are modified with diverse substitutions.[@b101-geg-6-2014-009]

Recent studies have progressed to yield increased selectivity of HATs. Lys-CoA, a large bisubstrate inhibitor, is seen to be a submicromolar inhibitor of p300 with high selectivity; however, it is generally inactive in mammalian cell systems, exhibiting nondrug-like properties unless modified with the co-administration of moderately cytotoxic detergents or administered via microinjection. C646, another p300 inhibitor, may be the only potent and selective HAT inhibitor discovered so far. The compound binds at the predicted druggable pocket of p300 and acts as a cofactor competitor.[@b102-geg-6-2014-009],[@b103-geg-6-2014-009] C646 can mimic the proapoptotic effect of RNA-mediated p300 knockdown, which involves both extrinsic and intrinsic cell death pathways, as seen in prostate cancer cells.[@b104-geg-6-2014-009] Since HATs function in cells as part of large multiprotein complexes, the formation of these specific complexes may be necessary for the discovery of further inhibitors.

Protein methyltransferase inhibitors
------------------------------------

Methylation of lysine and arginine residues plays an important role in gene transcription. These modifications are catalyzed by protein methyltransferases (PMTs). The enzymatic activities have suggested pathological roles in cancer, neurodegenerative diseases, and inflammatory diseases. Inhibition of PMTs has been shown to stop these enzymatic alterations.[@b105-geg-6-2014-009] BIX-01294 was the first selective inhibitor of a protein lysine methyl transferase. Although the drug has good potency in terms of blocking protein--protein interactions, it is toxic in cellular assays at high concentrations. Second-generation inhibitors include E72 and UNC321, which incorporate 7-alkoxyamine tethered to the quinazoline core as a structural modification.[@b106-geg-6-2014-009],[@b107-geg-6-2014-009] Another drug, UNC0646, has a remarkable toxicity/function ratio in certain cell lines, such as MCF7, 22RV1, and IMR90 cells. UNC0638 is also potent, selective, and has low cell toxicity making it an excellent inhibitor of PMT.[@b108-geg-6-2014-009]

Histone methylation inhibitors
------------------------------

New inhibitors synthesized to inhibit trimethylation have been shown to re-activate developmentally regulated genes. Recently, 3- deazaneplanocin A (DZNep) was reposted to selectively inhibit trimethylation of lysine 27 on histone H3 (H3K27me3) and lysine 20 on histone H4 (H4K20me3), as well as reactivate silenced genes in cancer cells. A recent study observed that these inhibitors reactivate developmental genes that are not silenced by DNA methylation.[@b109-geg-6-2014-009]

HDAC inhibitors
---------------

Similar to HDAC proteins, HDACi are also structurally diverse. HDACi can be categorized into several groups according to structure, including short-chain fatty acids, hydroxamic acids, epoxyketones, and benzamides.[@b110-geg-6-2014-009] Although HDACs appear widespread on DNA as chromatin structure remodelers, HDACi only affect 2--10% of expressed genes.[@b111-geg-6-2014-009] Accordingly, this demonstrates the potential for specificity in using HDACi as a therapeutic drug, particularly in cancers, the current treatments for which often come with extreme side effects.

Hydroxamic acid inhibitors target Class I and II HDACs and have emerged as promising and potent treatments for cancers. In fact, aminosuberoyl hydroxamic acids, including suberanilohydroxamic acid (SAHA; market name Vorinostat), have been shown to inhibit HDACs and cell proliferation in nanomolar concentrations. In 2006, the US FDA approved Vorinostat as a treatment for progressive, persistent, or recurring cutaneous T-cell lymphoma, or for patients following two systemic chemotherapies.[@b2-geg-6-2014-009] Vorinostat leads to hyperacetylation of histones as well as nonhistone proteins such as p53 and heat shock protein 90, inducing apoptosis and sensitizing tumors to cell death processes and other drugs. The ability of Vorinostat to sensitize cancerous cells to other drugs makes it an interesting candidate for combination epigenetic and non-epigenetic therapies. However, as Vorinostat has multiple targets, it also induces many side effects such as diarrhea, fatigue, nausea, and anorexia.[@b112-geg-6-2014-009] Thus, the potential of HDACi to reduce these effects has not yet been realized.

A new approach to cancer drug development involves a combination of epigenetic drugs with other cytotoxic drugs, which is expected to increase cancer cell drug specificity and reduce toxic side effects. A recent study showed that HDAC inhibition sensitized breast and ovarian cancer cell lines to a variety of cytotoxic drugs, including calpeptin, TRAIL, and telomere homolog oligonucleotides.[@b73-geg-6-2014-009] Interestingly, HDACi have also been shown to induce demethylation of silenced tumor-suppressor genes through the downregulation of DNMT1.[@b113-geg-6-2014-009] The combination of HDACi and aza, a known methylation inhibitor, produced synergistic-type demethylation as compared to treatment with either alone.[@b75-geg-6-2014-009] Clinical trials taking advantage of combination therapy involving HDACi have shown promising results. One trial administered aza in combination with entinostat (a class 1 HDACi) to patients with recurrent metastatic NSCLC. The combination was well tolerated and the majority of patients treated showed a decrease in methylation in at least two hypermethylated promoters. Eight of the 10 patients enrolled in the trial had either stable disease or objective responses to the therapy, with four of them showing major objective responses.[@b72-geg-6-2014-009] ACY-1215 is an HDACi that specifically targets HDAC6. Preclinical trials involving administration of ACY-125 with bortezumib, a proteasome inhibitor, showed positive results, with the combination treatment inducing significant antimultiple myeloma effects in mouse models.[@b114-geg-6-2014-009] Clinical trials in patients are in progress, with early results suggesting that the combination therapy is well tolerated and at least maintains a stable state of disease.[@b115-geg-6-2014-009]

In addition to treating cancers, HDACi also show great potential for the treatment of neurodegenerative and psychiatric diseases. HDACi have been shown to reduce memory loss and have neuroprotective effects in many studies. For example, one group showed that the administration of valproic acid after cerebral ischemia significantly reduced infarct size and neurological deficit scores, suggesting that HDACi could serve as a drug to prevent permanent brain damage following stroke.[@b116-geg-6-2014-009] Another study showed that increased histone acetylation was associated with the recovery of long-term memories and learned behavior.[@b117-geg-6-2014-009] HDAC2 was later found to negatively impact memory formation and synaptic plasticity, with mice overexpressing HDAC2 found to have decreased expression of several key neuronal genes, including BDNF, a gene known to be implicated in Alzheimer's disease. HDAC2 knockout mice and mice given HDACi showed increased expression of the neuronal genes and increased memory formation and retention.[@b118-geg-6-2014-009] Many studies have since investigated the effect of HDACi on memory retention in mouse models of Alzheimer's disease, with promising results shown.[@b119-geg-6-2014-009] The development of specific HDACi for use in human could be a considerable step in finding a cure to Alzheimer's and related neurodengerative diseases, especially considering the recent shift of focus on drugs with neuroprotective rather than neuro-reparative effects for the treatment and prevention of the disease.[@b120-geg-6-2014-009]

In addition to minimizing brain damage after stroke, inhibition of HDACs in cultured embryonic cells favors myogenesis and angiogenesis and improves functional myocardial recovery after myocardial infarction (MI). Another use of HDACi is in stem cell therapy for heart muscle regeneration. Reprogramming differentiated cells, such as fibroblasts, into induced pluripotent stem (iPs) cells is accomplished through vector transduction of Yamanka factors. iPs cells can then be employed in therapies to be differentiated into patient-specific cells, such as vascular endothelium. Although current approaches for making iPS are very inefficient, HDACi such as Trichostatin A (TSA) have greatly improved the effectiveness of iPs cell induction, increasing cardiac-specific transcription factors, which play an important role in differentiation of stem cells into endothelial cells and cardiomyoctes.[@b121-geg-6-2014-009]

Future Direction of Epigenetic Drugs
====================================

Epigenetic changes involve histone and DNA modifications, which can result in drastic phenotypic changes---phenomena that are particularly interesting because these epigenetic events are inherently reversible. In response to circumstantial and environmental changes, epigenetic modifications can proceed forward or backward, even removing the modification completely and reverting the substrate back to its original state. Current research has shown that histone modifications are linked to CpG nucleotide methylation in DNA, thus connecting multiple forms of epigenetic modifications and regulations.[@b73-geg-6-2014-009] This link poses a new scenario where an "epigenetic code" could dictate the expression of a particular set of genes, in essence serving as an "on/off" switch for many cellular events.[@b122-geg-6-2014-009] As epigenetic drugs continue to be developed and increased sensitivity and specificity are obtained, greater control over this epigenetic switch is possible. Once the correct combinations of treatments are developed, it may be possible to utilize the switch to reverse the disease phenotype, particularly if drugs are administered during early disease progression. For example, it has been proposed that epigenetic drugs may prevent the formation of cancer progenitor cells while also killing drug-resistant cancer cells.[@b70-geg-6-2014-009],[@b72-geg-6-2014-009],[@b122-geg-6-2014-009],[@b123-geg-6-2014-009] As described in this review, there are many more examples of diseases for which epigenetic treatment holds great promise. Future studies will demonstrate how much exploitation of epigenetic events could be useful for preventing and treating different diseases.
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:   DNA methyltransferase 3A
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ATP

:   adenosine- triphosphate
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:   histone deacetylase inhibitor
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:   estrogen receptor 1
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NOS3

:   nitric oxide synthase 3
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:   endothelial nitric oxide synthase
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:   insulin-like growth factor 2
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:   insulin/insulin-like growth factor 2

MeCP2

:   methyl CpG-binding protein 2
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:   Histone H3-K4 methyltransferase

NFkB-65
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RXRa

:   retinoid X receptor alpha

SOD1

:   superoxide dismutase 1
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:   JmjC domain-containing histone demethylation protein 2A

p21

:   cyclin-dependent kinase inhibitor 1
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:   cyclin-dependent kinase inhibitor 2A

p27

:   Cyclin-dependent kinase inhibitor 1B
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POLIII

:   RNA polymerase III
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BET
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RNAPII

:   RNA polymerase II holoenzyme
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NUT

:   nuclear protein in testis
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BET726

:   bromodomain and extra-terminal 726

I-BET726

:   inhibitor of bromodomain and extra-terminal 726

BRD2

:   bromodomain containing protein 2

BRD3

:   bromodomain containing protein 3

K5ac

:   acetylation at lysine 5

K8ac

:   acetylation at lysine 8

K12ac

:   acetylation at lysine 12
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:   acetylation at lysine 16
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:   b-cell lymphoma 2
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:   histone acetyltransferase p300 inhibitor

PMT

:   protein methyltransferase
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:   human breast carcinoma cell line
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SAHA

:   suberoylanilide hydroxamic acid
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:   myocardial infarction

iPs

:   induced pluripotent stem (cells)

TSA

:   Trichostatin A

![After replication, the methylation (shown in red) on the specific CpG residues (not shown) of the mother strand is copied over onto the daughter strand by DNA methyltransferase 1 (DNMT1), maintaining the methylation pattern of the mother strand.](geg-6-2014-009f1){#f1-geg-6-2014-009}

![RNA polymerase II (RNA Pol II) and transcription factors bind to unmethylated (shown in green) upstream promoter region of a gene and transcription proceeds. Methylation (shown in red) of specific CpG sites near the promoter regions allow binding of histone deacetylases (HDACs) and other methyl domain-binding proteins that prevents RNA Pol II binding and inhibits transcription. DNA methyl transferases (DNMTs) methylate CpG sites (not shown) within the promoter region. Methylation is also observed in the intragenic region, the function of which is still not well understood.](geg-6-2014-009f2){#f2-geg-6-2014-009}

![Histone acetyl transferases (HATs) add acetyl groups to lysine residues on the N-terminal end of the histone proteins of the nucleosome, causing the chromatin to de-condense, resulting in euchromatin, which is available for transcription. Histone deacetylases (HDACs) remove the acetyl groups, the chromatin condenses into heterochromatin, and is not transcribed.](geg-6-2014-009f3){#f3-geg-6-2014-009}
